Introduction
============

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second leading cause of cancer-associated mortality in the United States ([@b1-mmr-14-03-2541]). In China, colorectal cancer has become the second and fourth leading cause of cancer-associated mortality in women and men, respectively ([@b2-mmr-14-03-2541]). Despite recent progress, novel therapeutic agents are required in intestinal oncology ([@b3-mmr-14-03-2541]). Previously, gene therapy has been proposed as a potential novel treatment strategy for colorectal cancer, preclinical data using adenovirus vectors has been promising and a number of clinical trials utilizing this vector are underway ([@b4-mmr-14-03-2541],[@b5-mmr-14-03-2541]). The safety of adenovirus vectors have been established by various phase I trials, however, the factors determining the efficiency of gene delivery remain to be elucidated.

The coxsackie and adenovirus receptor (CAR), a trans-membrane component of the tight junction complex, was initially identified as a viral attachment site on the surface of epithelial cells, which was required for subsequent virus uptake ([@b6-mmr-14-03-2541],[@b7-mmr-14-03-2541]). Walters *et al* ([@b8-mmr-14-03-2541]) demonstrated that CAR is key in gene transfer efficacy and functions as a primary receptor for the coxsackie B virus and adenovirus. Pandha *et al* ([@b9-mmr-14-03-2541]) determined that CAR levels are closely associated with adenovirus attachment, infection and transgene expression. Attenuated adenoviruses, which may be replication-incompetent to deliver therapeutic genes or viruses replicating only in certain cell types, may be used as a cancer therapy ([@b10-mmr-14-03-2541]). Thus, the presence of CAR is considered an important determinant for the efficacy of therapeutic strategies using adenoviruses.

Analysis of CAR expression in different types of tumor demonstrated varied results. Accumulating evidence indicates that CAR expression levels are low in a number of types of tumor, including ovarian, lung, breast and bladder ([@b11-mmr-14-03-2541]--[@b14-mmr-14-03-2541]), particularly in those tumors exhibiting poor differentiation and advanced disease stage ([@b12-mmr-14-03-2541],[@b15-mmr-14-03-2541],[@b16-mmr-14-03-2541]). In addition, downregulated expression of CAR predicted a poor clinical outcome for gastric and bladder cancer patients ([@b12-mmr-14-03-2541],[@b17-mmr-14-03-2541]). By contrast, CAR upregulation was also observed in cancer of the endometrium, ovary, cervix, breast and lung, as well as neuroblastomas and medulloblastomas ([@b18-mmr-14-03-2541]--[@b24-mmr-14-03-2541]). Furthermore, high CAR expression has been associated with poor prognosis in breast and lung cancer ([@b15-mmr-14-03-2541],[@b20-mmr-14-03-2541]). It remains to be elucidated whether these results reflect differences in CAR expression levels or are a result of racial and methodological differences.

In CRC, Zhang *et al* ([@b25-mmr-14-03-2541]) observed a high variability in CAR expression levels with \~75% of the cases demonstrating CAR downregulation. Reeh *et al* ([@b26-mmr-14-03-2541]) also demonstrated that CAR expression levels were decreased in CRC. However, Stecker *et al* ([@b27-mmr-14-03-2541]) indicated that CAR facilitates complex effects during colorectal carcinogenesis, potentially mediated by its stage-dependent subcellular distribution, and loss of CAR expression promotes growth and metastasis of primary CRC ([@b27-mmr-14-03-2541]). These results suggested CAR has a complex role in carcinogenesis. However, to the best of our knowledge, no research has focused on the association between CAR expression levels and clinicopathological features of CRC. In our previous study, an oncolytic adenovirus was developed by inserting a CRC-specific suppressor gene, ST13, into a CRC-specific oncolytic virus. This virus exhibited marked antitumor effects, which inhibited tumor growth in CRC xenografts ([@b28-mmr-14-03-2541]). However, as a key determinant of the efficacy of gene transfer, the clinical relevance of CAR expression in CRC requires further determination.

In the present study, immunohistochemistry was conducted to assess CAR expression in CRC and adjacent normal tissue samples in a tissue microarrays (TMA). Large sample sizes were selected to generate data allowing increased understanding the role of CAR in the pathological progress of CRC. In addition, potential targets for adenovirus-mediated therapies based on CAR expression may also be identified.

Materials and methods
=====================

CRC patients in tissue microarray
---------------------------------

The CAR protein expression levels were assessed with immunohistochemical staining of tissue microarrays, which were purchased from Shanghai Biochip Co., Ltd. (Shanghai, China). The TMAs containing a total of 502 formalin-fixed, paraffin-embedded archival samples from a total of 251 CRC patients from the Chinese Han population, in addition to 251 corresponding controls derived from adjacent normal tissue samples.

The patient cohort consisted of 139 males and 112 females, with a median age of 66 years (range, 27--91 years) at the time of surgery. All patients had follow-up records for \>5 years. The survival time was calculated from the date of surgery to the follow-up deadline or mortality.

Immunohistochemistry analysis
-----------------------------

TMA sections were used for subsequent immunohistochemical analysis. Briefly, TMA sections were deparaffinized and dehydrated employing standard procedures using xylene and graded alcohol. Antigen retrieval was conducted by autoclaving in 0.01 M citrate buffer (pH 6.0) for 3 min. The sections were then treated with 3% hydrogen peroxide to quench endogenous peroxidase activity, and incubated with 10% normal goat serum to reduce background non-specific binding. TMA sections were incubated with a rabbit anti-human primary polyclonal antibody against CAR (dilution, 1:50; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; cat. no. sc-15405) overnight at 4°C. PBS used in place of the primary antibody served as a negative control. Subsequently, a biotinylated goat anti-rabbit immunoglobulin (Histostain-Plus IHC kit; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used as a secondary antibody, followed by treatment with streptavidin-biotinylated horseradish peroxidase complex (Invitrogen; Thermo Fisher Scientific, Inc.). The slides were stained with 3,3-diaminobenzidine and counterstained with hematoxylin, dehydrated in a graded alcohol series and mounted.

Evaluation of immunohistochemical staining
------------------------------------------

Immunohisto-chemical staining for CAR was observed predominantly in the membrane and cytoplasm of tumor cells. The degree of immunostaining was reviewed under light microscopy by two expert pathologists who were blinded to the clinical data and scored independently. Immunopositivity at the plasma membrane was also assessed separately. The CAR expression level was determined using the intensity of staining and percentage of immunoreactive cancer cells. Staining intensity was graded as follows: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining. Staining percentage was graded according to the proportion of positively stained tumor cells as follows: 0, \<5% positive tumor cells; 1, 6--25% positive tumor cells; 2, 26--50% positive tumor cells; and 3, \>51% positive tumor cells. The immunoreactive score was calculated by percentage of positive cells multiplied by staining intensity score. For further evaluation, a staining index score of ≤3 was used to define tumors with CAR-negative, and a tumor with a staining index score of ≥4 was regarded as CAR-positive.

Genomic analysis
----------------

Gene-therapeutic agent interaction data was downloaded from the Comparative Toxicogenomics Database (CTD; [ctdbase.org](http://ctdbase.org)). R 3.2.1 (R Foundation for Statistical Computing; [www.r-project.org](http://www.r-project.org)) was utilized to perform the analyses.

Statistical analysis
--------------------

All statistical analyses were performed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). Categorical data were analyzed using the χ^2^ or Fisher\'s exact test to assess the association between the expression of CAR and the clinicopathological parameters of patients with colon cancer. The Kaplan-Meier method was performed to estimate survival curves, accompanying the log-rank test to calculate differences between the curves. Cox proportional hazards regression model was used to perform multivariate survival analysis to assess predictors associated with prognosis. In addition, correlation between CAR protein expression levels and clinicopathological features were estimated using the Spearman correlation method. All P-values were two-sided and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Expression of CAR in CRC samples was lower than in corresponding normal tissue samples
--------------------------------------------------------------------------------------

Immunohistochemistry was used to analyze the presence and distribution of CAR. It was observed that immunostaining of CAR was predominantly located in the membrane and cytoplasm of the cells ([Fig. 1](#f1-mmr-14-03-2541){ref-type="fig"}). Positive expression of CAR protein was detected in 240 of 251 (95.6%) noncancerous colorectal mucosa samples, which was significantly higher than in CRC (40.6%, 102/251, χ^2^=174.7, P\<0.001; detailed data not shown).

CAR immunopositivity is associated with metastasis in CRC
---------------------------------------------------------

In order to investigate whether the presence of CAR is associated with the development of CRC, the CAR expression was compared with clinicopathological parameters of CRC. The results demonstrated that the prevalence of cytoplasmic CAR immunopositivity was not significantly associated with gender, age, tumor size, differentiation, TNM stage, lymph node metastasis or distant metastasis ([Table I](#tI-mmr-14-03-2541){ref-type="table"}). However, CAR immunopositivity was detected in 83.3% (5/6) of patients with colorectal liver metastasis, which was significantly higher than those without liver metastasis (39.6%, 97/245, P=0.042).

Survival analysis indicates CAR immunopositivity does not significantly decrease survival time
----------------------------------------------------------------------------------------------

The mean survival time in colon cancer patients with CAR immunopositivity was 61.50±3.31 months, which demonstrated no significant difference between survival time compared with CAR-negative patients (58.96±2.87 months, P=0.654). The Kaplan-Meier survival curve also demonstrated that CAR expression had no significant association with overall survival ([Fig. 2](#f2-mmr-14-03-2541){ref-type="fig"}). In addition, factors with possible prognostic effects in colon cancer were analyzed by Cox regression analysis, and the results indicated that distant metastasis was an independent prognostic factors in patients with CRC (P=0.001), while CAR expression was not (P=0.355; [Table II](#tII-mmr-14-03-2541){ref-type="table"}).

Plasma membrane expression of CAR in CRC was decreased compared with normal mucosal samples
-------------------------------------------------------------------------------------------

CAR is a trans-membrane glycoprotein, which is a viral attachment site on the surface of epithelial cells. CAR expression in the plasma membrane is important role in virus uptake. Thus, the present study analyzed the presence of CAR in the plasma membrane. CAR was observed at the plasma membrane of normal mucosa samples (29.5%, 74/251), which was indicated to be significantly higher than in CRC samples (4.0%, 10/251, P\<0.001). However, further analysis demonstrated that none of the clinicopathological parameters were significantly associated with the plasma membrane expression of CAR in primary CRC (data not shown).

Certain therapeutic agents may upregulate CAR expression levels
---------------------------------------------------------------

The CTD database was searched for therapeutic agents and chemicals that may upregulate the mRNA or protein expression levels of CAR, based on their applications in cancer management. The results indicated that a number of therapeutic agents, including PJ-34, dietary fats, calcitriol, testosterone, gentamicins and torcetrapib may upregulate the expression of CAR.

Discussion
==========

In the present study of the Chinese Han population, high CAR expression levels was observed in normal colorectal tissues, which is consistent with previous studies ([@b12-mmr-14-03-2541],[@b27-mmr-14-03-2541],[@b29-mmr-14-03-2541]). A decrease in CAR expression in primary CRC samples was also observed, with 40.6% positive detection rate. These data suggest that reduced CAR expression contributes to carcinogenesis and progression of primary CRC. Furthermore, low CAR protein expression in CRC may result in poor adenoviral transduction efficiency. In order to assess the profile of CAR in the development of CRC, the association between CAR expression and clinicopathological features of CRC was analyzed. CAR immunopositivity was not significantly associated with age, gender or any other clinicopathological feathers, which was consistent with previous observations by Stecker *et al* ([@b27-mmr-14-03-2541]). However, CAR immunopositivity was significantly associated with liver metastasis. Korn *et al* ([@b29-mmr-14-03-2541]) reported that 60% of cases of CRC with metastases in the liver exhibited CAR expression. Rauen *et al* ([@b30-mmr-14-03-2541]) also demonstrated that CAR immunopositivity was significantly higher in prostate cancer with metastasis than in primary cancer. However, as the number of examined patients with liver metastases in the present study is small, the current study hypothesizes that CAR may exert a complex effect on the process of colon cancer development, potentially depending on its stage in Chinese Han population, and further studies are required to confirm the result.

CRC may be surgically treated with chemoradiotherapy as a adjuvant therapy. However, the outcome is not ideal, and liver metastasis may result in post-operative relapse ([@b31-mmr-14-03-2541]). Cady and Stone ([@b32-mmr-14-03-2541]) indicated that \~20--40% of patients had liver metastasis when first diagnosed, however, the incidence of liver metastasis following radical resection of CRC was 40--50%. Furthermore, liver metastasis occurred in \>50% of CRC-associated mortality. Tomlinson *et al* ([@b33-mmr-14-03-2541]) reported that Liver-directed therapy in colorectal liver metastasis in addition to rational implementation of chemotherapeutic regimens have resulted in median survival time of \>30 months and the potential for cure with resection. The present study demonstrated that CAR immunopositivity was significantly upregulated in patients with liver metastasis, which suggest that high CAR expression may support the establishment of metastasis, particularly in liver metastasis. Thus, the present study hypothesizes that CAR may be used for monitoring and/or predicting the outcome of adenovirus-mediated gene therapy, particularly to improve the efficacy of therapeutic strategies using adenoviruses in CRC with liver metastasis.

There are few studies that aimed to determine the value of CAR expression in the prognosis of cancer. Thus, the present study aimed to investigate the clinical importance of CAR expression in the prognosis of patients with CRC. It was observed that survival time in patients with moderate or strong tumor CAR expression was longer than those with low expression, however, this was not a statistically significant difference when analyzed using univariate analysis. Martin *et al* ([@b20-mmr-14-03-2541]) indicated that elevated levels of CAR expression were markedly associated with poor overall survival in patients with breast cancer. It had also been previously demonstrated that the soluble splice variants CAR 3/7 and CAR 4/7, but not the full-length human CAR were independent prognostic factors in progression-free and overall survival of patients with ovarian cancer ([@b23-mmr-14-03-2541]). These results suggest that in addition to its important role in coxsackie and adenovirus cell-entry, CAR is also involved in cell-cell adhesions, exerting effects of a cell surface receptor and resulting in different characteristics depending on the tumor type, and the prognostic value of CAR in CRC remains to be determined by investigating larger sample sizes and adjusting for other relative factors.

Considering the reduced expression of CAR, a number of adenovirus targeting strategies that aim to improve the efficacy of adenovirus-mediated gene therapy in CRC. Structural alteration of adenovirus vectors or drug-induced CAR expression has become a focus of research in the field of adenovirus-mediated therapy. For example, chemical modification of the adenovirus capsid or fiber alteration (swapping and replacement) may promote CAR-independent gene transfer efficiency ([@b34-mmr-14-03-2541]--[@b36-mmr-14-03-2541]). The fiber-swapping of adenovirus type 5 (Ad5) fibers with subgroup B adenovirus fibers, such as Ad3, Ad35, or Ad11, results in vectors with CAR-independent transduction, mediated via the group B Ad receptors, including cluster of differentiation (CD)46, CD80/CD86, or \'receptor X\' ([@b37-mmr-14-03-2541]--[@b39-mmr-14-03-2541]). In addition, it has been demonstrated that the trimerization function of the fiber knob may be replaced by the fold on domain from the bacteriophage T4 fibritin protein ([@b40-mmr-14-03-2541]) or extrinsic trimerization motifs, such as the MoMuLV envelope glycoprotein trimerization domain ([@b41-mmr-14-03-2541]).

Previous studies (as presented in [Table III](#tIII-mmr-14-03-2541){ref-type="table"}) have demonstrated that a variety of therapeutic agents enhance the efficacy of adenovirus-mediated gene transduction via elevating CAR expression in target cells. Trichostatin A induced the expression of CAR in esophageal squamous cell carcinoma cell lines via the mitogen-activated protein kinase/extracellular-regulated kinase 1/2 signaling pathway ([@b42-mmr-14-03-2541]). Treatment of cells with the histone deacetylase inhibitor, FR901228 (a depsipeptide) increased CAR RNA levels in cancer cell lines, including carcinoma of the thyroid, colon, renal cell, breast and hepatic cell, and it is associated with enhanced adenoviral transgene expression following infection ([@b43-mmr-14-03-2541]). Yoo *et al* ([@b44-mmr-14-03-2541]) also demonstrated that docetaxel enhanced p53 transduction using an adenovirus by increasing CAR expression. In addition, interaction network analysis was performed using the CTD, and CAR was searched in the CTD database for therapeutic agents and chemicals that may upregulate the mRNA or protein expression levels of CAR, and these were selected based on their applications in cancer management. The result demonstrated that a number of therapeutic agents, such as PJ-34 may upregulate the expression of CAR, which is crucial for the efficacy of the treatment of adenovirus-mediated gene therapy in CRC.

The results of the present study suggest that CAR facilitates complex effects during CRC carcinogenesis in the Chinese Han population, potentially depending on the stage of the cancer development and progression. In addition, the current study indicated various therapeutic agents that may increase the expression of CAR in order to improve adenovirus-mediated gene therapy efficacy in CRC.

In conclusion, CAR expression has potential as a marker for monitoring and/or predicting the outcome of gene therapy, and increasing its expression levels may contribute to the upregulation of cellular sensitivity towards adenovirus infection.
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![Immunohistochemical analysis of CAR in colon cancer and normal tissue. (A) Immunostaining of CAR in normal colon tissue, positive staining was observed in the cytoplasm and, predominantly, the membrane. (B) Immunostaining of CAR in poorly differentiated colon cancer, positive staining was predominantly observed in the cytoplasm. (C) Immunostaining of CAR in moderately differentiated colon cancer, positive staining was observed in the membrane and, predominantly, the cytoplasm. (D) Immunostaining of CAR in colon cancer with liver matastasis, positive staining was observed in the cytoplasm and membrane. Magnification, ×400. CAR, coxsackie and adenovirus receptor.](MMR-14-03-2541-g00){#f1-mmr-14-03-2541}

![Kaplan-Meier survival curve analysis in patients with positive and negative CAR expression demonstrating CAR expression has no significant association with overall survival. CAR, coxsackie and adenovirus receptor.](MMR-14-03-2541-g01){#f2-mmr-14-03-2541}

###### 

Association between CAR expression and clinicopathological features of colon cancer.

  Clinical parameters     CAR expression                        
  ----------------------- ---------------- ----------- -------- -------
  Gender                                               0.148    0.701
   Male                   84 (60.4)        55 (39.6)            
   Female                 65 (58.0)        47 (42.0)            
  Age (yrs)                                            0.4595   0.441
   \<60                   40 (63.5)        23 (36.5)            
   ≥60                    109 (58.0)       79 (42.0)            
  Tumor diameter                                       1.151    0.283
   \<20 cm                76 (62.8)        45 (37.2)            
   ≥20 cm                 73 (56.2)        57 (43.8)            
  Differentiation                                      2.943    0.230
   High                   28 (56.0)        22 (44.0)            
   Moderate               86 (57.0)        65 (43.0)            
   Poor                   35 (70.0)        15 (30.0)            
  TNM stage                                            0.053    0.818
   TNM I+II               84 (58.7)        59 (41.3)            
   TNM III+IV             65 (60.2)        43 (39.8)            
  Lymph node metastasis                                0.636    0.425
   No                     86 (57.3)        64 (42.7)            
   Yes                    63 (62.4)        38 (37.6)            
  Distant metastasis                                   2.675    0.164
   No                     146 (60.6)       96 (39.7)            
   Yes                    3 (33.3)         6 (66.7)             
  Liver metastasis                                     4.645    0.042
   Negative               148 (60.4)       97 (39.6)            
   Positive               1 (16.7)         5 (83.3)             

CAR, coxsackie and adenovirus receptor.

###### 

Cox-regression analysis of the clinicopathological parameters in colon cancer patients.

  Parameters              Coefficient   HR      95.0% CI for HR   P
  ----------------------- ------------- ------- ----------------- -------
  Gender                  0.321         1.116   0.748--1.667      0.590
  Age                     0.110         1.379   0.848--2.243      0.195
  Distant metastasis      0.328         5.474   1.947--15.386     0.001
  Tumor diameter          0.299         1.388   0.929--2.076      0.110
  Lymph node metastasis   0.424         1.528   0.497--4.701      0.460
  TNM stage               0.258         1.295   0.397--4.223      0.668
  Differentiation         1.700         1.348   0.986--1.843      0.061
  CAR expression          −0.192        0.826   0.550--1.239      0.355

HR, hazard ratio; CAR, coxsackie and adenovirus receptor; CI, confidence interval.

###### 

Therapeutic agents previously described to upregulate the expression of CAR.

                   Agent       Function                        Source                                                                                                                                           Cancer type                                                        Description                                                                                                                                                                         Ref.
  ---------------- ----------- ------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------
  Kitazono, 2001   FR901228    Histone deacetylase inhibitor   Depsipeptide fermentation product from *Chromobacterium violaceum*, first isolated by the Fujisawa Pharmaceutical Company, Ltd. (Osaka, Japan)   Carcinoma of thyroid, colon, renal cell, breast and hepatic cell   Increased CAR mRNA levels observed in all cell lines following 1 ng/ml for 72 h                                                                                                     ([@b43-mmr-14-03-2541])
  Ma, 2012         TSA         Histone deacetylase inhibitor   Sigma-Aldrich (St. Louis, MO, USA)                                                                                                               Esophageal squamous cell carcinoma                                 CAR protein expression levels increased in a dose-dependent manner in EC1 cells following TSA treatment (0.3, 0.5 and 1.0 µmol/l)                                                   ([@b42-mmr-14-03-2541])
  Yoo, 2004        Docetaxel   G~2~M-arresting agent           Sanofi S.A. (Paris, France                                                                                                                       Head and neck cancer                                               Docetaxel treatment (25 ng/ml for 24 h) increased the expression of CAR, analyzed by fluorescence-activated cell sorting, and resulted in increased adenoviral transduction rates   ([@b44-mmr-14-03-2541])

CAR, coxsackie and adenovirus receptor; TSA, trichostatin A.
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